In searching for the cellular correlates of diabetic neuropathy, we examined the response to tetanic stimulation of diabetic neuromuscular junctions and of age-matched controls. The experiments were performed on the soleus nerve muscle preparation of the rat in which diabetes was induced by streptozotocin.
Tetanic potentiation was substantially lower in diabetic rats. In addition, it was found that the diabetic neuromuscular junction is more resistant to high-frequency stimulation than normal age-matched controls, in which such stimulation causes a progressively increasing number of failures in synaptic transmission.
Tetanic failures cannot be predicted from the stochastic properties of transmitter release and are due to propagation block of action potentials into the nerve terminals. The resistance of diabetic nerves to tetanic stimulation is a function of the duration of diabetes; the earliest significant difference between the number of tetanic failures in diabetic and normal agematched controls was observed after 19 d of diabetes, and this difference grew with increased duration of diabetes. The resistance to tetanic stimulation in diabetic rats is reversed by insulin in viva but not in vitro. Elevation in extracellular [K'] increases the number of tetanic failures in both diabetic and normal preparations.
Furthermore, elevating extracellular [K'] to 8.5 mM brings the number of tetanic failures into the range of tetanic failures in normal nerves. This finding is consistent with the hypothesis that differences in extracellular [K'] accumulation during high-frequency stimulation are responsible for the diabetic nerve's relative resistance to high-frequency stimulation. The lower number of failures corrects only partially the impaired neuromuscular transmission in the diabetic state, and there is an overall reduction in tetanic potentiation in diabetes.
Diabetic neuropathy is one of the most common complications of diabetes mellitus (Pirart, 1978; Brown and Asbury, 1984) , affecting the sensory, motor, and autonomic peripheral nervous systems (Brown and Asbury, 1984; Thomas and Eliasson, 1984; Harati, 1987) . Although sensory diabetic neuropathy is the most troublesome, recent reports indicate that motor symptoms are almost as common (Brown and Asbury, 1984) . Dyck et al. (1986) report that motor weakness in both arms and legs constitutes a common complaint among diabetic patients. Electrophysiological studies show that several parameters are impaired by diabetes in the nerves of both patients and animal models. In the diabetic nerve the conduction velocity of the action potential was found to be reduced, the amplitudes of both motor-and sensory-evoked potentials were smaller, and the distal latency was prolonged (Mulder et al., 1961; Brown et al., 1980; Sima and Hay, 198 1; Tackmann et al., 1981; Kennedy et al., 1982; Brown and Asbury, 1984; Dyck et al., 1985; Martinez, 1986; Harati, 1987) . Despite the large amount of electrophysiological data accumulated, relatively little is known about cellular pathophysiology in diabetes (Brismar, 1983; Brismar et al., 1987) . It was found that the synaptic transmission in diabetic rats is impaired, and both the quanta1 content and the amplitude of the end plate potential are significantly reduced after 3.5 months of experimental diabetes (Constantini et al., 1987) . The pathogenesis of diabetic neuropathy is still by and large unknown, although several exciting suggestions have been made (Clements, 1979; Brown and Asbury, 1984; Greene et al., 1985 Greene et al., , 1987 Low, 1987; Winegrad, 1987) .
In this article we attempt to characterize one aspect of diabetic neuropathy at the rat neuromuscular junction. The nervous system usually varies the frequency of activation of a synapse in order to modify its transmission properties (for a review, see Erulkar, 1983) . The aim of this study was therefore to compare the response to tetanic stimulation of normal and diabetic nerve muscle preparations. Although the general conclusion of this study is that tetanic potentiation is significantly smaller in the diabetic neuromuscular junction, the analysis revealed that there are other differences, the main one being that the failures of synaptic transmission during high-frequency stimulation (Kmjevic and Miledi, 1958, 1959; Van Essen, 1973; Hatt and Smith, 1976; Spira et al., 1976; Grossman et al., 1979a; Smith, 1979 Smith, , 1980 Kocsis et al., 1983) are fewer in diabetic preparations.
Materials and Methods
Animals and induction of diabetes. Male Sabra rats, bred at the Hebrew University Hadassah Medical School animal facility, were used in all experiments.
Diabetes was induced in rats weighing 160-l 80 gm by a single intraperitoneal injection of streptozotocin (STZ, Sigma) at a dose of 65 mg/kg (Byrne and Schein, 1981) . Immediately prior to injection, STZ was dissolved in a normal Ringer's solution (pH 4.5) buffered with sodium citrate (10 mM). Control rats were injected with a similar volume of buffered Ringer's solution. Nonfasting glucose concentrations were determined 48-72 hr after injection, and rats with glucose levels lower 35 set than 15 mM were discarded. After a period of 6 d-30 weeks, the rats were fasted overnight, and glucose levels were again determined to assure the induction of diabetes; only rats with glucose levels above 15 mM were used for experimentation.
Rats receiving insulin treatment were given 2 daily injections (Insulin Leo NPH, Nordisk Gentofte). The exact dose of insulin was determined by daily measurements of blood glucose concentrations. The average dose of insulin given was 6-7 U/d.
Electrophysiology. The experiments were performed on the soleus nerve muscle preparation and on the sciatic nerve. Both preparations were stimulated by a suction electrode with 60 msec supramaximal square pulses (digital stimulator WPI 830 and isolator WPI 85OA). Four different recording methods were employed:
1. Standard intracellular recordings from the postsynaptic membrane of the muscle, using glass microelectrodes filled with 3 M KCl, with resistances of 8-15 Ma.
2. Standard extracellular recordings from the neuromuscular junction using fire-polished microelectrodes filled with normal Ringer's solution, with resistances of 2-4 MQ.
3. Subperineural recordings from the primary and secondary intramuscular branches innervating the soleus muscle, using glass microelectrodes filled with 1 M NaCl wfth resistances of 5-10 MQ.
4. Extracellular recordings from the sciatic nerve, proximal to the peroneal-anterior tibia1 bifurcation, using an additional suction electrode.
The electrical signals recorded via the microelectrodes were passed through a high-input-resistance amplifier (WPI 725) , displayed on the screen of an-oscilloscope (Tektronix 5 113), and recorded on a tape recorder (HP 3964A). Later. the recorded electrical signals were either displayedon a chart recorder (Gould 2200s) or fed to a Digital computer (PDP MINC 1 l/23) and analyzed with special programs written for that purpose.
Solutions and materials. The standard bathing solution used was 134 mM NaCl, 5 mM KCI, 0.6 mM CaCl,, 5 mM MgCI,, 15 mM NaHCO,, 1 mM NaH,PO,. and 11 mM o-glucose. In some experiments, the concentration of the divalent ions was altered. In all experiments, the solutions were bubbled with a 95% O,-5% CO, mixture, and the pH was adjusted to 7.3-7.4. 
Results
The purpose of this study was to compare the response of the normal and diabetic nerve muscle preparations to tetanic potentiation. Initial experiments had shown that not only were the properties of transmitter release altered by diabetes, but also the rate of success of synaptic activation. We therefore first describe this complicating phenomenon and then assess the overall damage to neuromuscular transmission by diabetes.
Tetanic failures in normal and diabetic nerves
Recordings of end plate potentials (e.p.p.) from the neuromuscular junction of normal rats during high-frequency stimulation show intermittent failures of synaptic transmission (tetanic failures). One example of this phenomenon is given in Figure la . The nerve innervating the soleus muscle of a 3-month-old normal rat was stimulated at a rate of 100 Hz. During the first few seconds, each stimulus (marked by the stimulation artifact) resulted in an e.p.p. After several seconds of continuous stimulation, intermittent failures appeared, and there were stimuli that were not followed by an e.p.p. (for example, in the middle trace of Fig. la, 3 out of 7 e.p.p.s failed). As nerve stimulation continued, the number of tetanic failures increased, and in many instances their number exceeded that of "successful" e.p.p.s (in the lower trace of Fig. la , 5 out of 7 stimuli failed to induce an e.p.p.).
An example of high-frequency stimulation in a diabetic nerve is shown in Figure 1 b. Again, the nerve was stimulated at a rate of 100 Hz for 40 sec. To our surprise, contrary to the results in the normal nerve, no tetanic failures appeared, and the diabetic nerve was relatively resistant to high-frequency stimulation. The diabetic nerve fiber presented in Figure 1 b was not an exception. Figure 2 and Table 1 compare tetanic failures in diabetic nerves (duration of diabetes 28-30 weeks) to normal age-matched control nerves. Figure 2 plots the average number of "successful" e.p.p.s in 1 set (100 minus the number of tetanic failures) as a function of the stimulation duration in a 60 set, 100 Hz nerve stimulation. Table 1 presents the average number of e.p.p.s in 1 set during the last 5 set of a 40 set, 100 Hz nerve stimulation in diabetic and control rats. The data clearly demonstrate that diabetic nerves have a significantly lower number of tetanic failures than age-matched control nerves.
In order to study neuromuscular transmission, it is frequently necessary to suppress muscle contractions. In experiments presented in Figures 1 and 2 this was done by using external solutions containing lower calcium and higher magnesium than normal. In such conditions the quanta1 content of the synaptic transmission is relatively low and thus the e.p.p.s are subthreshold. The obvious question arises of whether the difference between normal and diabetic nerve-muscle preparations could also be observed when the nerve terminal is exposed to a more physiological environment. We therefore repeated the experiments (n = 6) in a normal Ringer's solution ([Cal = 2.0 mM, [Mg] = 1 mM), using d-tubocurarine (0.9 PM) to prevent muscle contraction. The results were very similar to those in low-calcium Ringer's: in diabetic nerves (duration of diabetes 6 weeks), there were fewer failures upon tetanic stimulation than in normal age-matched rats. [The average number of e.p.p.s in 1 set during the last 5 set of a 100 Hz, 40 set nerve stimulation was 98.7 f 0.8 in the diabetic fibers compared with 56.3 f 2.4 in the normal age-matched nerves ('p < O.OOOS).] Tetanic failures are due to action potential propagation failure In many preparations, it is well established that failures in neuromuscular transmission during tetanic stimulation originate mainly from lack of propagation of the action potential into the nerve terminal (Krnjevic and Miledi, 1958; Hatt and Smith, 1976; Spira et al., 1976; Grossman et al., 1979a; Smith, 1980) . We confirmed this finding in the present comparative study by 2 sets of experiments. Table 2 shows that failures in the postsynaptic response in normal and diabetic fibers are not due to the Poisson nature of transmitter release (Del Castillo and Katz, 1954; Boyd and Martin, 1956) , and hence they probably originate from lack of activation of the nerve terminals. To test weeks; the mean plasma glucose was 42.4 ? 0.8 mM and the mean weight was 192 -t 14 gm). N, Normal age-matched control rats (2 1 fibers from 7 rats; the mean plasma glucose was 6.2 + 0.4 mM and the mean weight was 505 * 14 gm). Note the reduction in the number of tetanic failures in the diabetic nerves compared with the normal age-matched control nerves.
this conclusion, we recorded action potentials from the nerve terminals during high-frequency stimulation (100 Hz) using extracellular recordings. The results of this experiment confirmed that no action potential invaded the nerve terminal when transmission failure occurred (Fig. 3) ; thus, tetanic failures are caused by a failure of action potential propagation. These results were reproduced in 4 additional normal fibers.
Number of tetanic failures is dependent on age in normal rats
The number of tetanic failures is decreased in the diabetic motor nerve. We were interested in characterizing the dependence of tetanic failures on the duration of diabetes. However, if the disease was induced at the same age, increased duration of diabetes meant that the animals were older. Therefore, we first had to characterize the dependence of tetanic failures on age in normal rats. We found that the number of tetanic failures in normal rats is strongly dependent on age. The smallest number of tetanic failures was observed in rats 25 and 36 d old. At 14 d, the number of tetanic failures was much higher (Fig. 4a) , while in older rats (7-36 weeks), the number of tetanic failures gradually The average number of e.p.p.s in a second (mean k SEM) during the last 5 set of a 100 Hz, 40 set nerve stimulation is presented in 4 rat groups with different durations of diabetes and their age-matched control rats. Except for the 6 d duration of diabetes, in all other groups the average number of e.p.p.s in 1 set differ significantly between the diabetic and the normal age-matched groups. increased with age (Fig. 4b) . Figure 4c compares the average number of e.p.p.s in 1 set during the last 5 set of a 100 Hz, 40 set nerve stimulation, in normal rats between the ages of 14 and 252 d. This figure clearly demonstrates that the number of tetanic failures is dependent on age in a biphasic manner, with a minimum at 25 and 36 d. The finding that the number of tetanic failures increased with age in rats older than a month is consistent with the finding reported by Smith (1979) that the number of tetanic failures observed in old rats (24-26 months) is greater than that observed in younger rats (12-l 3 months).
Duration of diabetes and tetanic failures Figure 5 compares tetanic failures in rats with 4 different durations of diabetes (6 d, 19 d, 5-7 weeks, and 28-30 weeks). Figure 5a shows that increasing the duration of diabetes reduces the number of tetanic failures throughout the tetanus, while Figure 5b shows the same phenomenon on the maximal effect. Figures 2,6 , and 7 and Table 1 compare the number of tetanic failures in diabetic nerves with 6 d, 19 d, 5-7 weeks, and 28-30 weeks of diabetes to age-matched controls. This comparison was performed because the number of tetanic failures in normal motor nerves depends on age.
After 6 d of diabetes there was no significant difference between the number of tetanic failures in diabetic nerves and agematched control nerves (Fig. 6a, Table 1 ). This finding indicates that a certain minimal duration of diabetes is necessary to produce the resistance to high-frequency stimulation. This result has also a methodological value. It rules out the possibility that the relative resistance of the diabetic nerve to high-frequency stimulation is caused by a direct and immediate effect of STZ, a direct and immediate effect of hyperglycemia, or an osmotic and glucose concentration difference during the experiment. (The serum glucose concentration was 30-40 mM in diabetic rats, 6-8 mM in normal rats, and 11 mM in the bath solution during the electrophysiological experiments.)
The shortest duration of diabetes in which we found a significant reduction in the number of tetanic failures in diabetic nerves was 19 d (Fig. 7 , Table 1 ) (no data points were obtained between 6 and 19 d). The reduction in the number of tetanic failures in diabetic nerves persisted after 5-7 and 28-30 weeks of diabetes (Figs. 6b and 2, respectively). Furthermore, the difference between the number of tetanic failures in diabetic motor nerves and normal age-matched nerves increased with the duration of diabetes. This phenomenon is caused by a combined effect of a reduction in the number of tetanic failures with increasing duration of diabetes and an increase in the number of tetanic failures with age in normal nerves.
Insulin and tetanic failures It was of interest to examine whether controlling diabetes by daily insulin injections could prevent the reduction in the number of tetanic failures in the diabetic nerve. We therefore compared tetanic failures in 3 rat groups: (1) diabetic rats (duration The average oercentaee of svnautic failures observed (mean + SEM) durina the last 10 set of a 100 Hz. 40 set nerve stimulation are compared 4th the percentage of synaptic failures expected (mean f SEM) from the quanta1 content (mean e.p.p. amplitude/mean miniature e.p.p. amplitude) during the same period of time assuming the failures are Poissonian in nature in both diabetic (duration of diabetes 5-7 weeks) and age-matched control fibers. The fibers chosen were those which showed a large number of tetanic failures during the high-frequency stimulation. In both groups, the observed synaptic failures differ significantly from the expected. We conclude that tetanic failures in both diabetic and control preparations are not due to the stochastic nature of transmitter release. cessful e.p.p.s in 1 set is plotted as a of diabetes 19 d); (2) similar diabetic rats treated with 2 daily insulin injections of an average daily dose of 6-7 U/d (glucose levels were kept below 6-7 mM); and (3) age-matched control rats.
The results of these experiments are plotted in Figure 7 . The conclusion is clear: the number of tetanic failures in the insulintreated diabetic nerve muscle preparation was much higher than that in the untreated preparations and was not significantly different from the number of failures in normal age-matched preparations. Thus, insulin treatment does prevent the development of the diabetic nerve relative resistance to high-frequency stimulation. We were interested in finding out whether a short exposure of diabetic nerves to insulin in vitro can also reverse the reduction in the number of tetanic failures. To answer this question we examined tetanic failures in diabetic fibers (duration of diabetes 5-7 weeks) incubated with insulin (60 mu/ml) in vitro for several hours.
The mean number of e.p.p.s/sec during the last 5 set of a 40 set, 100 Hz nerve stimulation was 100.0 f 0.0 in the diabetic fibers incubated with insulin (19 fibers from 3 rats, 6 of which were incubated with insulin for 1 hr and the remaining 13 fibers incubated 8 hr).
We conclude that controlling diabetes with insulin can pre- Figure 6 . Comparison of tetanic failures in diabetic and normal age-matched control rats with different durations of diabetes. The average number of successful e.p.p.s in a second is plotted as a function of the stimulation duration during a 100 Hz, 40 set nerve stimulation. a, Diabetic rats with 6 d of diabetes (30 fibers from 5 rats; mean plasma glucose, 30.5 f 1.1 mM; mean weight, 210 + 3.5 gm) and age-matched control rats (29 fibers from 5 rats; mean plasma glucose, 6.5 + 0.4 mM; mean weight, 214 f 5.7 gm). b, Diabetic rats with 5-7 weeks of diabetes (33 fibers from 6 rats; mean plasma glucose, 32.0 + 1.3 mM; mean weight, 182 t-15 gm) and age-matched control rats (4 1 fibers from 8 rats; mean plasma glucose, 6.1 + 0.3 mM; mean weight, 346 f 10.9 gm). In both groups, D and N stand for diabetes and normal age-matched controls, respectively.
vent the development of the diabetic nerve relative resistance to high-frequency stimulation, while incubating the diabetic nerve with insulin in vitro for several hours does not produce the same effect. extracellular compound action potentials (c.a.p.s) from the sciatic nerve and the proximal intramuscular branches innervating the soleus muscle. The results of these experiments show that the c.a.p. amplitude is reduced during high-frequency stimulation from both sciatic nerves and proximal intramuscular branches (Fig. 8, a, b and c, d , respectively). The reduction in the c.a.p. amplitude may result from several mechanisms: a reduction in axonal action potential amplitude, a block ofaxonal action potential conduction in a portion of the axons, or failure of action potential initiation at the site of nerve stimulation. Whatever the reason for the reduction in c.a.p. amplitude during high-frequency stimulation, our results show that this reduction in both sciatic nerve and proximal intramuscular branches is not significantly different in normal and diabetic nerves (Fig.  8) . Thus, we conclude that most, if not all, tetanic failures seen in normal motor nerves are caused by an intermittent block of the conduction of action potentials along the distal intramuscular branches. Furthermore, the relative resistance of the diabetic nerve to high-frequency stimulation is caused by a reduction in the intermittent block of the action potentials, along the small intramuscular branches of the motor nerve. This results in a larger number of action potentials invading the diabetic nerve terminal to generate an e.p.p.
Ionic mechanisms responsible for the smaller number of failures in the diabetic nerve Several ionic mechanisms may explain the diabetic nerve relative resistance to high-frequency stimulation. We examined 2 such mechanisms, which involve the sodium-potassium pump and extracellular potassium. The sodium-potassium pump was shown to play 2 opposing roles in tetanic failure formation in different preparations. In some preparations, such as sensory neurons of the leech and rat demyelinated ventral spinal roots, inhibiting the sodium-potassium pump by ouabain or lithium decreases the number of tetanic failures (Van Essen, 1973; Bostock and Grafe, 1985) ; in other preparations, the opposite occurs (Grossman et al., 1979b; Kocsis et al., 1983) .
The activity of the sodium-potassium pump is decreased in the diabetic nerve (Das et al., 1976; Greene et al., 1985 Greene et al., , 1987 Winegrad, 1987) . If tetanic failures seen in the motor nerve are caused by an activation of the sodium-potassium pump and hyperpolarization of the membrane resting potential, then the reduction in the activity of the pump, described in the diabetic nerve, might explain the differences in tetanic failures between normal and diabetic nerves.
To test the validity of this possibility we examined the effect of ouabain (0.2 mM) on tetanic failures in normal nerves (exposed to the inhibitor 10 min prior to nerve stimulation). We found that ouabain markedly increased the number of failures in normal nerves (Fig. 9) , which is inconsistent with the proposed mechanism.
The relative resistance to high-frequency stimulation could be explained by a second mechanism involving a change in the sodium-potassium pump activity: since the axonal caliber of the diabetic nerve is decreased (Jakobsen, 1976 (Jakobsen, , 1978 Brown et al., 1980; Robertson and Sima, 1980) , the internal volume of the diabetic nerve decreases more than the surface area of its axolemma. This can lead to a greater amount of sodium accumulating in the axoplasm, which in turn may activate the sodium-potassium pump, decrease the potassium concentration in the extracellular space surrounding the axon, and reduce the number of tetanic failures in the diabetic nerve (Grossman et al., 1979b) . To test this hypothesis we examined the effect of ouabain (0.2 mM 10 min prior to nerve stimulation) on the time (set) Figure 8 . The compound action potential amplitude during highfrequency stimulation in diabetic and age-matched controls. The average normalized compound action potential amplitudes (c.a.p.) are plotted as a function of the stimulation duration during a 100 Hz nerve stimulation. a, c.a.p.s recorded from sciatic nerves of diabetic (11 nerves from 6 rats, with a diabetes duration of 6-7 weeks; mean plasma glucose, 39.4 + 0.7 mM; mean weight, 220.0 + 7.2 gm) and age-matched controls (11 nerves from 6 rats; mean plasma glucose, 6.0 + 0.2 mM; mean weight, 374 + 6.8 gm). The average normalized c.a.p. amplitude from the last 50 c.a.p.s of the 100 Hz, 20 set nerve stimulation was 0.834 ? 0.003 and 0.834 + 0.004 in diabetic and age-matched controls respectively (p > 0.5). b, c.a.p.s recorded from the proximal intramuscular branches innervating the soleus muscle of diabetic (8 nerves from 6 rats with a diabetes duration of 5-7 weeks; mean plasma glucose, 34.7 5 1.1 mM; mean weight, 196 -t 4.1 gm) and age-matched controls (7 nerves from 6 rats; mean plasma glucose, 6.8 t 0.4 mM; mean weight, 385 + 10.4 gm). The average normalized c.a.p. amplitude from the last 50 c.a.p.s of the 100 Hz, 40 set nerve stimulation was 0.875 -t 0.005 and 0.878 * 0.005 in diabetic and agematched controls respectively @ > 0.3). Note that the reduction in the c.a.p. amplitudes in both sciatic nerve and proximal intramuscular branches were not significantly different between diabetic and age-matched controls. In a and b, each second and sixth c.a.p.s were randomly analyzed, respectively. control ouabai n time (sec.) Figure 9 . Ouabain increases the number of tetanic failures in normal nerves. The average number of successful e.p.p.s in a second is plotted as a function of the stimulation duration during a 100 Hz, 40 set nerve stimulation. Ten normal nerve fibers were examined, both before (control) and after a 10 min exposure to 0.2 mM ouabain. The average number of e.p.p.s in a second during the last 5 set of the 100 Hz, 40 set nerve stimulation was 68.3 ? 8.0 before and 25.1 + 5.4 after the application of ouabain (p < 0.0001). It is evident from these results that ouabain increases the number of tetanic failures in normal nerves. Figure 10 . Tetanic failures are dependent on extracellular potassium concentrations. The average number of successful e.p.p.s in 1 set are plotted as a function of the stimulation duration during a 100 Hz, 40 set nerve stimulation at different extracellular potassium concentrations (2, 5, and 8.5 mM). a, Normal nerves (6 fibers from 5 rats), each of which was exposed to the 3 different potassium concentrations. The average numbers of e.p.p.s in 1 set during the last 5 set of the 100 Hz, 40 set nerve stimulation were 25.0 +-0.8, 59.6 f 0.2, and 80.6 ? 2.3 for 8.5, 5, and 2 mM extracellular potassium, respectively (p < 0.000 1 for any comparison). b, Diabetic nerves (16 fibers from 3 rats with a diabetes duration of 30 d, mean plasma glucose concentration, 33.2 f 1.2 mM; mean weight, 181 t 7 pm). The average number of e.p.p.s in 1 set during the last 5 set of a 100 Hz, 40 set nerve stimulation was 96.5 * 2.8 and 55.8 + 7.4 for 5 and 8.5 mM extracellular potassium, respectively @ < 0.0005). Note that raising potassium concentration increases the number of tetanic failures in both diabetic and normal fibers; furthermore, when the extracellular potassium was 8.5 mM, the number of tetanic failures in diabetic nerves was in the range of the number of tetanic failures in normal nerves.
number of tetanic failures in diabetic nerves. If the hypothesis were valid, we expected that with the addition of ouabain the number of tetanic failures would be similar in diabetic and normal nerves. The results of these experiments showed that ouabain increased the number of tetanic failures in the diabetic nerve, but, even after the addition of ouabain, the number of tetanic failures in the diabetic nerve was much smaller than that in normal nerves with and without ouabain. The mean time to the appearance of tetanic failure in diabetic nerves was 113. Figure II . Tetanic potentiation in normal and diabetic nerve muscle preparations. The normalized average e.p.p. amplitude is plotted as a function of the stimulation duration during a 50 Hz, 30 set nerve stimulation in diabetic rats (0.26 fibers from 5 rats with a diabetes duration of 5-7 weeks; mean plasma glucose, 36.0 f 1.9 mM; mean weight, 173 & 10 gm) and age-matched control rats (N, 19 fibers from 7 rats; mean plasma glucose,-6.7 + 0.3 mM; mean weight, 36 1 k 11 gm). In the first 6 set, the stimulation rate was 0.5 Hz. During the 50 Hz stimulation, each point represents the average of 50 e.p.p.s. The normalized average e.p.p. amplitude in the last second ofthe 50 Hz, 30 set nerve stimulation was 3.74 f 0.08 and 4.76 + 0.11 in the diabetic nerves and normal nerves, respectively (p < 0.0005). In all experiments of this kind, the bath solution contained 0.275 mM Ca and 1.5 mM Mg. Note that tetanic potentiation in the diabetic group is reduced compared with that of the normal age-matched group. f 9.1 and 56.0 ? 7.3 set before and after the addition of ouabain, respectively. The average number of e.p.p.s/sec during the 5 set between 35 and 40 set of the 100 Hz nerve stimulation was 100 f 0.0 and 97.7 + 2.1 before and after the addition of ouabain, respectively. Thus, we conclude that the hypothesis tested is incorrect.
The last plausible ionic mechanism we examined concerns extracellular potassium accumulation.
During high-frequency stimulation, potassium accumulates in the extracellular fluid surrounding the axons, and its concentration temporarily rises by several millimolars, usually 3-5 (Frankenhaeuser and Hodgkin, 1956; Spira et al., 1976; Nicoll, 1979; Somjen, 1979; Smith, 1983) . In most preparations examined, elevation of the bath potassium increases the number of tetanic failures (Spira et al., 1976; Grossman et al., 1979b; Smith, 1979 Smith, , 1980 Kocsis et al., 1983) . In some preparations, the accumulation of potassium may play a major role in the formation of tetanic failures (Grossman et al., 1979b; Kocsis et al., 1983) . In others, the role of potassium accumulation in the formation of tetanic failures is less clear (Grossman and Gutnick, 1981; Smith, 1983) .
The smaller number of tetanic failures in the diabetic nerve might result from a reduction in potassium accumulating in the periaxonal extracellular space surrounding the diabetic axon during high-frequency stimulation.
Consistent with this hypothesis, we found that the number of tetanic failures in normal nerves is strongly dependent on the bath potassium concentration (Fig. lOa) : raising the bath potassium from 5 to 8.5 mM caused a significant increase in the number of tetanic failures, while lowering the bath potassium from 5 to 2 mM reduced the number of tetanic failures. Raising the bath potassium concentration from 5 to 8.5 mM also significantly increased the number of tetanic failures in diabetic nerves (Fig. lob) . Furthermore, the number of tetanic failures in diabetic nerves in these conditions were in the range seen in normal nerves. These findings are thus consistent with the hypothesis that the reduction in the number of tetanic failures in the diabetic nerve is caused by less potassium accumulating in the periaxonal space surrounding the diabetic nerve during high-frequency stimulation. We stress that this hypothesis is not proven by the experimental findings and that other mechanisms might also explain the reduction in the number oftetanic failures in the diabetic nerve.
Tetanic potentiation in the normal and diabetic neuromuscular junction During high-frequency nerve stimulation the e.p.p. amplitude increases. This phenomenon is caused by the larger number of quanta released from the nerve terminal (Magleby and Zengel, 1975; Lev-Tov and Rahamimoff, 1980; Erulkar, 1983; Nussinovitch and Rahamimoff, 1988) . Our initial aim was to examine whether there is a difference in tetanic potentiation between normal and diabetic rats. This was tested on neuromuscular preparations bathed in low-calcium, high-magnesium solutions, in which the quanta1 content is low.
Our expectations were that diabetic nerves might have a larger tetanic potentiation since the diabetic nerve showed a relative resistance to high-frequency stimulation. To avoid the ambiguity of unequal number of stimuli, we stimulated the nerves with a frequency and a duration that do not produce a significant number of failures. Figure 11 presents the tetanic potentiation in normal and diabetic nerves (duration of diabetes, 5-7 weeks) during a 50 Hz, 30 set nerve stimulation. The tetanic potentiation in diabetic nerves was significantly smaller than that in normal age-matched nerves.
Discussion
This study compared neuromuscular transmission during highfrequency stimulation in normal and diabetic rats. There were 2 main findings: tetanic potentiation was significantly reduced at the diabetic neuromuscular junction, and the diabetic nerve muscle preparation was more resistant to high-frequency stimulation than were age-matched controls. The stimulation rates used in this study (50-100 Hz) are in the upper range of action potential frequency recorded in vivo from the rat soleus muscle (Henning and Lomo, 1985) .
We chose to examine neuromuscular transmission during highfrequency stimulation for 2 reasons: high-frequency stimulation is a physiological modulator of synaptic transmission (for review, see Erulkar, 1983) , and we believed that a stressing condition such as high-frequency stimulation might exaggerate changes in the diabetic nerve, and thus enable us to examine minor changes barely expressed in normal conditions.
The appearance of synaptic transmission failure during highfrequency stimulation is well documented in several vertebrate and invertebrate preparations, including the neuromuscular junction of the rat (Krnjevic and Miledi, 1958, 1959; Spira et al., 1976; Grossman et al., 1979a , b, Smith, 1979 , 1980 Kocsis et al., 1983) . In this study it was shown that, similar to other preparations, tetanic failure in the rat neuromuscular junction is caused by a propagation failure of action potentials into the nerve terminals and not by the Poissonian nature of transmitter release.
The diabetic nerve is relatively resistant to high-frequency stimulation and the number of tetanic failures in it is decreased compared with their number in normal age-matched nerves. This finding was unexpected. In diabetic nerves a reduction of fast sodium currents was observed, caused by a reduction of the driving force of sodium and a larger fraction of sodium channels being in the inactivated state (Brismar and Sima, 198 1; Brismar, 1983; Brismar et al., 1987) . This reduction of fast sodium currents would be expected to cause a decrease in action potential amplitude and, as a result, to increase the number of tetanic failures.
Using extracellular recordings of compound action potentials from several locations along the nerve, we found that the site responsible for the reduction in the number of tetanic failures in the diabetic nerve is located at the distal intramuscular branches between the end plate and the proximal intramuscular branches.
The diabetic nerve's relative resistance to high-frequency stimulation has certain similarities with another paradoxical phenomenon reported in diabetic nerves of both patients and animal models: a relative resistance to ischemia (Steiness, 1959; Horowitz and Ginsberg-Fellner, 1979; Nielsen, 1982; Low, 1987) . However, the 2 phenomena differ in their time course. The relative resistance to ischemia appears only 2 hr after the induction of diabetes or hyperglycemia in normal rats (Shirabe et al., 1988) , whereas the relative resistance to high-frequency stimulation develops within weeks after the induction of diabetes.
In this work we examined several possible mechanisms that may contribute to the diabetic nerve's relative resistance to highfrequency stimulation. Two of them regarding the possible role of the pump do not seem very likely, as discussed in Results. The third possibility, namely, less K+ accumulation outside diabetic than outside normal nerves, is consistent with the experimental data.
We found that the number of tetanic failures increases with the extracellular potassium concentration in both diabetic and normal nerves. Furthermore, we found that raising the extracellular potassium concentration by 3.5 mM increased the number of tetanic failures in the diabetic nerve and brought it into the range seen in age-matched control nerves. The value of 3.5 mM is within the range of the 3-5 mM [K] , increase found during high-frequency stimulation in other preparations (Frankenhaeuser and Hodgkin, 1956; Spira et al., 1976; Nicoll, 1979; Somjen, 1979) . These findings are consistent with the hypothesis that the relative resistance of the diabetic nerve to high-frequency stimulation is caused by a reduction in K+ accumulation in the extracellular space surrounding the axon. The effect of elevating extracellular K+ concentration in the bath solution can be mediated by a direct effect on the membrane potential.
Several mechanisms might reduce potassium accumulation in the diabetic periaxonal extracellular space during high-frequency stimulation: increased endoneural volume in diabetic nerves (Jakobsen, 1978; Nielsen, 1982) , lower intracellular potassium concentrations in diabetic axons (Sjogren et al., 1986) , or more permeable diffusion barriers, which normally limit the diffusion of potassium out of the perineural space (Senevirante and Penis, 1970) .
Other possible mechanisms unrelated to K+ accumulation that might explain the diabetic nerve relative resistance to highfrequency stimulation include the following:
1. Certain anatomical changes such as reduction in the number of bifurcating sites along the axon due to intramuscular branch degeneration or changes in the geometric ratio (Rall, 1962; Parnas and Segev, 1979) could decrease the number of tetanic failures in diabetic nerves.
2. The diabetic nerve has increased energy stores (Greene and Winegrad, 1981; Low et al., 1985; Low, 1987) . There is a possibility that the diabetic nerve's ability to better cope with stressing conditions, such as ischemia or high-frequency stimulation, and Rahamimoff -Tetanic Stimulation and Diabetes is the result of this phenomenon (Low et al., 1985; Low, 1987) . Whatever the mechanism of this diabetic resistance to highfrequency stimulation, it is clear that it partially ameliorates the basic impairment in neuromuscular transmission present in diabetes.
